Introduction
The solvation structures for many metal ions in a variety of solvents have been determined using NMR, X-ray diffraction, and X-ray absorption fine structure (XAFS) spectroscopies, and those of the fourth-row metal(II) ions have been previously reviewed. [1] [2] [3] The hydration structures of the stable fourth-row metal(II) ions are accepted to be 6-coordinate octahedral, and their visible and near-infrared absorption bands assigned to the d-d transition are thoroughly characterized by the octahedral ligand field. 4 In some donor solvents, such as methanol, 5 ethanol, 5 dimethyl sulfoxide, 5 N,N-dimethylformamide, 6 pyridine derivatives, 7 and acetonitrile (AN 8 ), 3, 9, 10 the solvation structure of the fourth-row metal(II) ions was found to be the same 6-coordinate octahedral as in water and not affected by the bulkiness of coordinating solvent molecules. On the other hand, the solvation number decreases in some bulkier solvents, such as trimethyl phosphate, 5 N,N-dimethylacetamide, 6 1,1,3,3-tetramethylurea (TMU 8 ), 11 hexamethylphosphoric triamide (HMPA 8 ), 12 due to the steric repulsion of the coordinating solvent molecules. In TMU, four TMU molecules surround the central Co(II) ion in D2d symmetry, 11 and the distortion of the solvation structure different from the Td symmetry is ascribed to the attractive interaction of two TMU molecules in the second solvation sphere. 13 Thus, the decrease in the coordination number of the Co(II) ion can be expected during the ligand substitution processes of the 6-coordinate Co(II) species, such as hexakis(acetonitrile)cobalt(II), [Co(an)6] 2+ , with the bulky TMU solvent, since the final product for the substitution must be [Co(tmu)4] 2+ .
Such a decrease in the coordination number of the Co(II) ion has been reported for the complexation with chloride and bromide ions in some donor solvents, in which the Co(II) ion is 6-coordinate octahedral, and the change from the octahedron to the tetrahedron occurs during the formation of the dihalogeno complex, [CoX2S2] (X = Cl and Br, S = solvent). [14] [15] [16] [17] [18] The decrease in the coordination number is interpreted by both the electrostatic repulsion between the coordinating anionic X -ions and the charge neutralization of the central Co(II) ion. Although the Co(II) ion generally prefers the 4-coordinate tetrahedral geometry because of the high-spin d 7 electronic configuration, the existence of the 5-coordinate species is considered to be possible during the substitution steps. If the bound solvent molecules are substituted by a neutral and bulky ligand such as TMU, the 5-coordinate mixed-ligand complex may be formed during the substitution processes. In this study, we have spectrophotometrically studied the ligand substitution reaction of [Co(an)6] 2+ with TMU in a noncoordinating solvent, nitromethane (NM), at the constant concentration of AN, and have quantitatively clarified the stepwise decrease in the coordination number of the Co(II) ion from 6 to 5 and to 4.
Experimental

Materials
The anhydrous trifluoromethane sulfonate salt of the Co(II) ion, Co(CH3SO3)2, was prepared as previously reported. 5 Nitromethane (NM, Wako Pure Chemical, Pr. G.), 1,1,3,3-tetramethylurea (TMU, Wako, Pr. G.), and acetonitrile (AN, Wako, Pr. G.) were dehydrated using 4 Å molecular seives. NM and TMU were distilled under reduced pressure, and AN was purified by distillation under a dry nitrogen atmosphere.
Preparation of sample solutions
Sample solutions were prepared by separately dissolving Co(CF3SO3)2 and TMU in NM containing a large excess of AN over the Co(II) ion under a dry nitrogen atmosphere. The absorption spectra of the sample solutions of Co(CF3SO3)2 were not changed by varying the total concentration of AN, CAN, and were identical with the spectrum of Co(CF3SO3)2 in neat AN. This means that the [Co(an)6] 2+ complex is quantitatively formed in the prepared sample solutions.
The solutions used in this study were first prepared by weighing and their concentrations are given in molality (mol kg -1 ). The concentration of the sample solutions for spectrophotometric titration was then converted to molarity (mol dm -3 ) based on their densities which were determined using a vibrational densitometer (DMA60 and DMA601, Anton Paar).
Spectrophotometric titration and data reduction
The NM solution of [Co(an)6] 2+ was titrated with the NM solution of TMU at 25.0 ± 0.1˚C using a previously reported spectrophotometic titration system. 19 The initial concentration of the Co(II) ion (CCo,0) and the total concentration of AN and TMU (CAN and CTMU) are tabulated in Table 1 . The stepwise absorption spectra were recorded over the range from 400 to 700 nm on a UV-vis spectrophotometer (UV-1600PC, Shimadzu).
The ligand substitution reaction of [Co(an)6] 2+ with TMU is described by Eq. (1),
where nj is the number of AN molecules coordinated to the Co(II) ion with n molecules of TMU in the first-coordination sphere. The overall equilibrium constant, βn, for the formation of the ligand-substituted Co(II) species, [Co(an)nj(tmu)n] 2+ , is expressed as Eq. (2).
Because a large excess of AN over the Co(II) ion is contained in the sample solution, we can assume [AN] = CAN, and thus the conditional overall equilibrium constant, βn′, and a constant, Pn, can be expressed by Eq. (3).
The total concentrations of the Co(II) ion and TMU (CCo and CTMU) are given by Eqs. (4) and (5), respectively.
The absorbance, Aλ, at the wavelength of λ is expressed by Eq. 
Results and Discussion
Ligand substitution equilibria
An example of the spectral change in the spectrophotometric titration is shown in Fig. 1 . The obtained Pn values are given in Table 2 . Each stepwise equilibrium for Eq. (1) is expressed by Eq. (7) The conditional stepwise equilibrium constant, Kn′, is defined by Eq. (8), and a constant Qn is then expressed by Eq. (9).
Kn′=
(8)
ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 The plots of log(Qn/mol -1 dm 3 ) versus log(CAN/mol dm -3 ) are shown in Fig. 2 . Thus, the slope and intercept of the plots correspond to the number (ni -nj) of the released AN molecules during the equilibrium step of Kn and the logarithmic value of Kn, respectively. Figure 2 shows that the values of log(Qn/mol -1 dm 3 ) linearly decrease with increasing log(CAN/mol dm -3 ), and the best reproduced linear functions are given by Eqs. (10) The values of Kn were determined as follows: log K1 = 2.17 ± 0.26, log(K2/mol dm -3 ) = 1.60 ± 0.15, log K3 = 1.19 ± 0.06, and log(K4/mol dm -3 ) = -0.4 ± 0.4. The K4 value was calculated using the obtained Q4 value and two dissociating AN molecules.
Structure of component complexes
The εCo(an)nj (tmu) n 2+ ,λ values at 50 different wavelengths over the range from 400 to 700 nm were determined by the least-squares analysis of the spectral data, and the obtained absorption spectrum for each complex is shown in Fig. 3 , where the absorption bands are assigned to the d-d transitions of the highspin Co(II) ion.
The absorption spectrum of the 6-coordinate [Co(an)5(tmu)] 2+ complex with the peak maximum wavelength (λmax) at 513 nm (molar absorption coefficient, εmax = 19 mol -1 dm 3 cm -1 ) is similar to that of the 6-coordinate [Co(an)6] 2+ complex (λmax = 505 nm, εmax = 16 mol -1 dm 3 cm -1 ), of which the λmax value is slightly blue-shifted relative to the former. Because the AN ligand is a stronger π acceptor rather than the TMU ligand, the substitution of a bound AN molecule with TMU makes the ligand field splitting of the Co(II) ion small, and the transition energy from 4 T1g to 4 T1g(P) of the Co(II) ion with the high-spin d 7 electronic configuration under the Oh symmetry is considered to decrease.
The final product [Co(tmu)4] 2+ for the ligand substitution has the characteristic intense absorption bands of λmax at 558 (εmax = 161 mol -1 dm 3 cm -1 ), 595 (241), and 634 (235) nm (see Fig.  3(e) ). the first coordination sphere is distorted due to the attractive interaction of two TMU molecules in the second coordination sphere. 13 The (13)) does not affect the coordination number. This is the case for the K3 step. However, the coordination number of the Co(II) ion decreases from 6 to 5 during the K2 step and from 5 to 4 during the K4 step. Such a decrease in the coordination number arises from the steric repulsion between the coordinating bulky TMU molecules in the first coordination sphere of the Co(II) ion. The decrease in the coordination number from 6 to 5 during the K2 step supports impossibility of the coordination of two TMU molecules either at the cis position of the octahedron due to the steric crowdedness or at the trans position of the octahedron due to the strong σ donating ability of TMU.
In this study, we have investigated the ligand substitution reaction of [Co(an) 6] 2+ with the bulky ligand of TMU in the non-coordinating NM solvent. The number of dissociating AN molecules was successfully determined by analysis of the dependence of Qn on CAN, and the decrease in the coordination number of the Co(II) ion was clarified to be from 6 to 5 during the K2 step and from 5 to 4 during the K4 step. A similar decrease was previously observed for the complexation of the Co(II) ion with chloride and bromide ions (X -) during the second-step ligation, with the coordination number decreasing from 6 to 4.
14-18 The 5-coordinate Co(II) complex formation, observed for the TMU ligand with a neutral charge in this study, suggests that the charge neutralization of the Co(II) ion by the anionic charge of X -leads to a decrease in the coordination number from 6 to 4 to form [CoX2S2] .
